Abstract: An binary catalyst system of a silica supported Schiff-base cobalt complex SalenCo III (OAC)-MCM-41 (Salen = 3-[N,N-bis-2-(3,5-di-tert-butylsalicylidenamino) ethyl] amine) was developed to generate the copolymerization of CO 2 and propylene oxide in presence of (4-dimethylamino)-pyridine (DMAP). The influence of the molar ratio of catalyst components, the operating temperature, reaction time, and CO 2 pressure on the yield as well as the molecular weight of polycarbonate was systematically investigated. The high selectivity of polycarbonate over cyclic carbonate at 40 °C was maintained after a longer reaction time to attain quantitative formation of the alternating copolymer. High molecular weight of 67 000 were achieved at an appropriate combination of all variables.
Introduction
In order to suppress the severe -greenhouse effect‖, the fixation of carbon dioxide (CO 2 ) has drawn much current interest in both industry and academia in modern society. After the pioneered work by Inoue and co-workers in the late 1960s [1], the copolymerization of CO 2 with epoxides such as propylene oxide (PO) and cyclohexene oxide (CHO) has attracted much attention, because it provides an environmentally friendly pathway to convert CO 2 into biodegradable polymers [2] [3] [4] . Extensive studies have been carried out in this area, and some homogeneous catalyst systems based on transition metal complexes based on chromium, zinc, and cobalt are found to display significant activity for the copolymerization of CO 2 and epoxides [5] [6] [7] [8] . Homogeneous catalysts are undesirably dissolved in the products, thus some procedures are required to separate the products from the catalysts [9] [10] [11] [12] [13] [14] . In order to facilitate the separation of the catalysts from the products, it is of great importance to develop highly efficient heterogeneous catalysts for the coupling of CO 2 and epoxides [15, 16] .
It is well known that the cobalt complex played an important role in controlling regio-structure and molecular weights of the resulting copolymer in the CO 2 /PO copolymerization [17] . Since Coates and coworkers were the first to report Schiff-base cobalt complexes alone as catalysts for the copolymerization of the CO 2 /PO, efficient initiators for this copolymerization process is a significant scientific goal [18] . Although the advances have been significant, the separation of the catalysts from the products is a new problem. If the cobalt complexes were grafted onto inorganic supports, the problem will be readily solved. Stimulated by the idea, herein we design a novel catalyst MCM-41 silica [19, 20] that was chosen as support material for immobilizing Schiff-base cobalt III complexes.
In the present work, a silica supported Schiff-base cobalt III complex was prepared and employed for the alternating copolymerization of CO 2 with PO in the presence of (4-dimethylamino)pyridine (DMAP), as shown in Scheme 1. The influence of copolymerization variables like catalyst component, operating pressure, and temperature on the catalytic activity, PPC/PC selectivity, and the molecular weight was discussed in detail. The copolymers were characterized by NMR, GPC, and IR spectroscopy. Scheme 1. Reaction of CO 2 /PO to form linear poly(propylene carbonate) and propylene carbonate.
Results and Discussion
Alternating copolymerization of CO 2 [21] [22] [23] [24] . With the goal of increasing the catalytic activities of our catalyst system, we independently explored the use of DMAP as a cocatalyst. High catalytic activity was observed after addition of DMAP cocatalyst. However, the catalyst system was less selective for poly(propylene carbonate) (PPC) over propylene carbonate (PC) under the high CO 2 pressure (Table 1, Entry 10).
To optimize the reactivity of the catalyst system further, the influence of DMAP/Co molar ratio on the copolymerization was investigated. The catalytic activity increased with the increase in the DMAP/Co molar ratio (Table 1 , Entries 3-6). Both the yield and the molecular weight of the copolymer increased with the increase in DMAP mole quantity and reached the highest value with an equimolar amount of DMAP vs cobalt. Further increase in the DMAP/Co molar ratio led to a decrease in the yield and the molecular weight. When the DMAP/Co molar ratio was less than 1, the reaction maintained a high PPC/PC selectivity. The PPC/PC selectivity decreased with the increase in DMAP mole quantity over 1:1 molar ratio of DMAP to cobalt.
The catalyst system was found to be active at low CO 2 pressures, with optimal activity achieved in the range of 1 -3 Mpa of CO 2 . It is even active at CO 2 pressures as low as 0.5 Mpa, maintaining over 30 % of its optimal turnover frequency (TOF). Increasing the pressure above the optimal CO 2 pressure range resulted in a decrease in the PPC/PC selectivity. The results indicated that the linear carbonate linkage could only occur at relative low pressure (e.g. 0.5 -1.5 MPa) and the high pressure would result in forming PC byproduct. The optimal pressure for the copolymerization was obtained at 1.5 MPa. The copolymerization was also carried out at different temperatures (20 -80 °C) with fixed the DMAP/Co molar ratio and the pressure of CO 2 (Table 1 , Entries 4 and 11-14). It was observed that the catalytic activity increased with the increase in polymerization temperature. The yield of copolymer increased with increasing temperature up to about 40 °C, and then decreased with the further increase. The decrease of polymer yield at higher temperature is presumably due to the polymer degradation during the polymerization. The decrease of the selectivity for polycarbonate at more than 40 °C may be caused by the decomposition of the copolymer. The molecular weight of the copolymers produced from these reactions also increased with the increase in polymerization temperature and reached the highest point about 60 °C.
As listed in Entries 4 and 15-18, the yield of copolymer increased with the increasing reaction time, up to 36 h, and then leveled off with further increasing reaction time. This is because the resulting viscous reaction system prevented living polymer chain from diffusing, and the polymer degradation happened simultaneously during the copolymerization. The molecular weight increased with the increasing reaction time up to 36 h, and thereafter decreased slightly with the further increase. It was explained as that the reaction system viscidity increased with prolonged reaction time.
The viscidity was a hindrance to spread polymer chain. As the viscidity reached a maximum value, the rate of chain transfer and decomposition of resulting copolymer in the presence of catalyst system would go beyond the normal value, and resulted in the decline of the molecular weight.
Characterization of poly(propylene carbonate)
The IR spectrum of the product showed two strong absorptions at 1747 and 1234 cm -1 assignable to the C=O and C-O stretching vibrations of a linear carbonate linkage, respectively (Fig. 1) . In the 3481 cm −1 region, the absorption of PPC is negligible, due to low content of terminal O-H groups. The corresponding 1 H NMR spectrum of the same product is shown in Fig. 2 . The absorption peaks at 1.3 ppm, 4.2 ppm and 5.0 ppm have been assigned to the hydrogens in CH 3 , CH 2 and CH in the carbonate units of the copolymer, respectively. A signal assignable to the methine proton next to the carbonate linkage in the repeating oxycarbonyloxy (1,2-cyclic propylene) units appeared at δ=5.01 ppm and polyether units (3.5 ppm) was not observed [25] . These facts clearly indicated the polycarbonate linkage of the alternating copolymer from CO 2 and rac-PO reached near 100% estimated by 1 H NMR. The corresponding 13 C NMR spectrum of the same product is shown in Fig. 3 . The signals at 16.5, 69.3, 72.5 and 154.5 ppm were assigned to the carbon of CH 3 , CH, CH 2 and OCOO groups, respectively, in the carbonate linkages of the copolymer.
It was apparent that there was no poly(propylene oxide) units presenting in the copolymer product [25, 26] . It can be concluded that the synthesized PPC copolymer exhibits a completely alternating molecular structure. The 13 C NMR spectrum of the obtained copolymer (Table 1 , Entry 4) in the carbonyl region showed that the poly(propylene carbonate) had a high content of head-to-tail connectivity (90 %) and atactic stereoregularity.
Fig. 3.

C NMR spectrum of copolymer (Table 1, Entry 4).
The high average molecular weight 67 000, as estimated by GPC based on the polystyrene standards, was achieved at 40 °C for 36 h. M w /M n was calculated from the GPC chromatogram to be 1.3, and this indicated that the molecular weight of the copolymer had a fairly narrow distribution (Table 1, Entry 18).
Conclusions
We have developed a silica supported Schiff-base cobalt complex, SalenCo III (OAC)-MCM-41, for the alternating copolymerization of CO 2 with PO in presence of DMAP as a cocatalyst. The reaction was carried out at 40 °C for 36 h and afforded the alternating copolymer almost quantitatively (polycarbonate/cyclic carbonate > 90, carbonate linkages > 99%). It represents an air stable, easily synthesized, extremely robust catalyst system which requires no solvent and tolerates multiple substrates. These characteristics make it ideal catalysts for chemical CO 2 fixation.
Experimental part
Materials
All manipulations involving air-and/or water-sensitive compounds were carried out using standard Schlenk techniques under dry argon. PO was refluxed over CaH 2 , and fractionally distilled under an argon atmosphere prior to use. CO 2 (99.995%) was purchased from Qingdao Institute of Special Gases. Polymerization grade CO 2 was further purified by passage through a 5 Å molecular sieve column containing MnO. Diethyl ether was distilled from sodium benzophenone. Methylene chloride, hexane, and chloroform were distilled from CaH 2 under argon. MCM-41 silica was prepared according to the literature methods [27, 28] . 3-[N,N-bis-2-(3,5-di-tert-butyl salicylidenamino)ethyl]amine was synthesized from diethyltriamine and 3,5-di-tert-butylsalicylaldehyde in ethanol according to a previously described method [22] .
Measurements
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV 300M instrument in CDCl 3 at room temperature. Chemical shifts were given in parts per million from tetramethylsilane. Gel permeation chromatography (GPC) measurements were carried out with a Waters instrument (515 HPLC pump) equipped with a Wyatt interferometric refractometer. GPC columns were eluted with THF at 25 °C at 1 mL/min. The molecular weights were calibrated against polystyrene standards. IR spectra were recorded on a Perkin-Elmer 2000 FTIR spectrometer.
Synthesis of the supported Schiff-base cobalt complex
Preparation of the silica supported Schiff-base cobalt complex SalenCo III (OAC)-MCM-41 is shown in Scheme 2. To a stirred mixture of MCM-41 silica (6 g) in toluene (80 mL) at 120 ºC, the mixture of 3-chloropropyltrimethoxysilane (3 ml) and toluene (20 ml) was added. ). Cl-MCM41 (10 g) was then treated with a refluxing toluene solution (60 ml) of 3-[N,N-bis-2-(3,5-di-tert-butylsalicylidenamino)ethyl]amine (15 mmol) followed by washing with dichloromethane in a Soxhlet apparatus leading to the formation of SalenH 2 -MCM41.
A solution of cobalt acetate tetrahydrate in methanol (200 mL) was added to the ligand SalenH 2 -MCM41 via cannula under an atmosphere of argon. A brick-red precipitation was observed before all of the cobalt acetate solution was added. The residue on the wall of the reaction flask was rinsed with methanol (20 mL), and the collected mixture was allowed to stir for further 20 h followed by washing in a Soxhlet apparatus with ethanol in an argon atmosphere and then drying at 100 ºC in vacuum to yield SalenCo II -MCM-41 (Co, 0.72 mmol g -1
).
To a stirred SalenCo II -MCM-41 (2.8 g, 2.0 mmol), CH 3 COOH (0.13 g, 2.2 mmol) in CH 2 Cl 2 (20 mL) was added. The mixture was stirred under dry oxygen at room temperature for 12 h. The solvents were removed in vacuum to leave a crude dark solid. The residue was further washed in a Soxhlet apparatus with ethanol in an argon atmosphere and then drying at 100 ºC in vacuum to yield SalenCo III (OAC)-MCM-41 (Co, 0.71 mmol g -1 ).
Representative copolymerization procedure
A typical procedure for the copolymerization of CO 2 /PO: a 100-mL stainless steel autoclave equipped with a magnetic stirring bar was placed in a 120 ºC oil bath, dried under vacuum for 4 h. After cooled to room temperature, SalenCo III (OAC)-MCM-41 and DMAP were put into the autoclave and the autoclave was charged with CO 2 . PO was loaded into the autoclave with a syringe through the injection port under the protection of CO 2 . Then the reactor was pressurized with CO 2 to appropriate pressure and then heated to a desired temperature in an oil bath. The mixture was stirred for the allotted reaction time, then cooled to room temperature and vented in a fume hood. A small aliquot of the resultant polymerization mixture was removed from the reactor for 1 H NMR and GPC analysis. The remaining polymerization mixture was then dissolved in methylene chloride (15 ml), quenched with 5 % HCl solution in methanol (0.2 ml), and transferred to a preweighed vial. The product mixture was dried in vacuum to constant weight, and the crude yield was determined after subtracting out the catalyst weight. The product was dissolved in methylene chloride (15 ml) and precipitated from methanol (400 ml). The polymer was collected and dried in vacuum to constant weight, and the polymer yield was determined.
